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NOMENCLATURE 
A  = area 
C  = Voo/2a 
(13) C_ = constant from Zuber,  relation between void fraction and 
drift velocity 
G  = heat generated per unit volume of pool 
G  = amount of heat generation per unit volume used to generate 
vapor 
o 2 
Gr = ga^STxJ/]/ = Grashof number 
Hf_ - heat of vaporization 
L  = depth of boiling pool 
L* = modified boiling pool depth from Appendix A 
Nu = general Nusselt number = hx/k 
Nu = Nusselt number for forced convection contribution to heat 
transfer 
Nu = Nusselt number for natural convection contribution to heat 
transfer 
Nu^ = Nusselt number of forced laminar convection suggested by 
fc
 Stein(5) 
Nu = Nusselt number of laminar natural convection suggested by 
tc
 SteiJ5> 
Pf = cjj/k a  Prandtl number 
£p    « pressure difference 
Q  =« unit of heat energy 
Q  = vapor flow rate.per unit area through plane above boiling 
pool from Stein^5) 
Ra = Rayleigh number,product of Grashof and Prandtl numbers 
-ix- 
Re = Vx/J/ = Reynolds number 
T = temperature 
/U = boiling pool temperature minus wall temperature 
V = velocity 
V = drift velocity of vapor phase with respect to liquid phase 
V. = velocity used by Stein   in Re to determine Nu 
V = average free stream velocity of forced convection effect 
proposed 
V = Stein   velocity of natural convection used to compare 
relative magnitude of forced and natural convection terms 
when related to V. b 
V = superficial vapor velocity relative to lab 
#»V  = average liquid velocity in pool core due to "vapor lift,; 
2 1M 
V ■ 1.41(CTg(pi-D„)/D )   = terminal rise velocity of bubble i.4i(cr ^-pv /^)' 
Y  ■ Nu/Nu 
00 ■ v   •    -    IU in infinite pool 
n 
Z  ■ Nu /Nu n 
a  = constant relating V. to IJ( 
b  = constant relating V to V, 
c  = specific heat at constant pressure 
h  = heat transfer coefficient between boiling pool and cooled 
wall 
k = thermal conductivity 
g ■ acceleration due to gravity 
n = general exponent in equation giving Y in terms of Z 
x = general linear coordinate from top of vertical flat plate 
y  ■ general linear measurement from bottom of boiling pool 
-x- 
Ay = increment in pool height 
z  = effective decrease in pool depth due to stnble layer at 
bottom, from Appendix A 
^L = GvL/HfgPvVoo 
(Jx* -  GvL»/HfgOV from Appendix A 
cK. » void fraction 
^ = thermal volumetric expansion coefficient 
Lt  a dynamic viscosity 
V = kinematic viscosity 
A - thickness of sprayed Teflon layer 
/ = thickness of aluminum between surface and thermocouple well 
O -  dens i ty 
CJ= surface tension 
Subscripts 
B * property at bottom of boiling pool 
e ss experimental value 
f » property at film temperature 
P = property of pure liquid at boiling temperature 
L = average over entire vertical plate 
v *s property of pure vapor at boiling temperature 
w = conditions at vertical isothermal wall 
s « effective value 
t  » condition at bottom of surface temperature thermocouple 
well 
-xi- 
x  = local value at position x from the top of the vertical plate 
y  = local value at position y from the bottom of the pool 
oo = conditions in boiling pool core 
-xii- 
I. 
ABSTRACT 
The case of heat transfer from an internally heated boil- 
ing pool to an isothermal vertical flat plate is studied both 
analytically and experimentally. 
A phenomenlogical model to show the flow patterns in the pool 
was developed. The model includes three fundamental effects, a 
temperature induced density gradient from the cooled wall to the 
core of the pool, a density gradient due to vapor void content in 
the core, and a flow circulation caused by vapor lift of liquid 
elements in the pool core. 
The effects are represented by turbulent natural and forced 
convection single phase correlations with Grashof and Reynolds 
numbers based on the void fraction in the pool. The natural and 
forced convection effects are combined in an equation of the typej 
Y - (1 + zV/n 
were Y equals the total Nusselt number divided by the natural con- 
vection Nusselt number, and Z is the ratio of the forced convec- 
tion Nusselt number to the natural convection Nusselt number. This 
model applies for both average and local Nusselt numbers along the 
cooled plate. 
The model was tested against data from the literature for an 
average Nusselt number to a cooled plate. The value n = 1.7 was 
found to describe the data well. 
-1- 
V 
In the experimental program a .32 m high aqueous boiling 
pool was constructed for a maximum heat generation rate of 
7   3 2.1x10 VJ/m. A cooled vertical test plate measures twelve local 
heat transfer coefficients at equal intervals along its length, and 
the local void fraction is measured by a traversing static-head 
probe. These parameters will test the accuracy of the proposed 
model. 
-2- 
II. 
INTRODUCTION 
A. Statement of Problem 
The general area of heat transfer in pools with uniform 
internal heat generation has been widely studied. Articles and 
correlations may be )found concerning single phase pools for varied 
/ 
boundary conditions and containment geometries. A short summary of 
(1) 
recent work may be found in Kulacki and Emara. 
For the internally heated boiling pool there is no information 
available beyond a limited number of pioneering studies. Therefore, 
there is a need for a study capable of yielding accurate and use- 
ful data and development of a phenomenlogical model to generalize 
the results. 
A study of the heat transfer of a system under the following 
conditions is presented in this paper. 
1. Uniform internal heat generation in a volume 
of fluid 
2. Vapor generation uniform through-out volume 
3. Heat transfer to a cooled vertical flat plate 
at isothermal conditions 
4. Free upper surface with natural boil-off of vapor 
5. All other surfaces adiabatlc 
The important quantities to be studied are as follows; 
-3- 
1. Local and average heat transfer coefficients to 
a vertical flat plate 
2. Local void fraction in boiling pool 
3. Heat loss in system by vaporization 
4. Pool temperature 
This problem will be considered both experimentally and analytically 
below. 
-4- 
B. Application 
The study of horizontal heat transfer from an internally 
heated boiling pool has an important application in "Fast Reactor 
Safety'.' In a fast reactor the core of solid UO fuel could conceiv- 
ably be allowed to exceed the safe operating temperature and 
become molten. The fuel would melt the surrounding core support 
structure and drop into a "core catcher" placed in the reactor. 
The stainless steel core catcher is designed with sufficient 
strength to withstand the thermal stresses and ablative loss of 
material imposed by the molten and possibly boiling core. 
As soon as the core expands beyond the critical size the heat 
generated by the nuclear reactions decreases exponentially. But a 
significant generation rate will exist in the fuel dropped into the 
core catcher and it must be considered an internally heated pool. 
A knowledge of local heat transfer coefficients on a vertical 
flat plate is crucial to the design, as the portions subject to the 
strongest thermal attack are the vertical sections of the core 
catcher. A study of single phase internally heated pools by Jahn 
(2) 
and Reineke   has shown a 100% increase in the local Nusselt num- 
ber near the vertical top edge of a hemispherical slab over the 
average Nusselt number of the entire section. 
In an attempt to model the system above, it is found the mag- 
nitude of the two general parameters used to model natural convec- 
tion , Grashof and Prandtl, are similar for the reactor safety 
-5- 
problem and a boiling aqueous saline solution. The Grashof number 
used here depends on the volumetric expansion coefficient and the 
temperature difference driving the flow. 
At the interface of the molten U0« fuel and the stainless 
steel catcher the fuel will be at the freezing temperature and the 
steel will be at its melting temperature. The difference between 
these two temperatures may be used as the driving potential in the 
Grashof term. 
All values for the properties used in the Gr~and Pr numbers 
(3) 
are from Catton,  and because of some uncertainty in the values 
the Pr number ranges from 1.5 to 9.2. The Gr number varies in turn 
7        9 from 8.76x10 to 3.5x10 . 
For an aqueous saline boiling pool the Pr number ranges from 
o      o 
7.0 to 1.9 at 18 C to 100 C and the Gr number based on^the temp- 
9 
erature difference from boiling to freezing is 3.47x10 . All Gr 
numbers are based on a length factor of .12 m which is represent- 
ative of the depth found in the core catcher. 
-6- 
C.  Literature Search 
!•  Experimental Work 
Only one series of studies concerning internally heated boil- 
(4) 
ing pools has been made. This is the combined work of Hesson, 
(5) (6)(7)(8) Stein,  and Gabor at Argonne National Laboratory in 
Illinois. 
(4) 
Hesson   studied only the downward heat flux in a boiling 
aqueous-NaCl solution contained in a rectangular tank. Two opposing 
sides of copper formed the electrodes and heat was generated in the 
pool by Joule resistance heating up to 13 kw. 
The downward heat transfer data was obtained through a third 
copper plate forming the bottom of the pool, but electrically iso- 
-4 -3 lated from the solution by 5x10  m to 1x10  m thick pyrex glass 
sheets. 
Tests were performed at pool depths of .0302 m, .0603 m, and 
o 
.1207 m. The bottom surface temperature was varied from 0 C to 
o 
100 C. The electrodes were .1524 m square and .2032 m apart. 
Results show an increase in heat flux as the bottom temper- 
ature was reduced, until a bottom temperature of 50 C to 60°C and 
remained constant for lower temperatures. A correlation was given for 
the heat flux based on the temperature difference between the pool and 
bottom. The results are questionable as Stein   reports non-uniform 
bubble density in the pool from electrode nucleation. 
Stein^ ' added cooling tubes to the back of both electrodes 
-7- 
in Hesson's apparatus. By measuring the temperature rise in the 
coolant flow and the electrode temperatures, an average heat transfer 
coefficient h was found. Six to eight temperatures were measured on 
each electrode and averaged. 
The single pass coiling coils could not give a uniform plate 
temperature. Although the plate was assumed isothermal for subse- 
quent calculations some error must be present since the heat tran- 
sfer was not symmetric. Also local heat transfer coefficients 
were impossible to determine. 
Values for bottom heat flu;: were again studied but data x/as 
also taken at .06 m and .12 m for both horizontal and bottom heat 
fluxes. Unfortunately, the same cooling fluid was passed through 
both electrodes and the bottom coiling coils causing an non-sym- 
metric cooling because the three heat transfer surfaces were at 
different temperatures. Stein reports the bottom heat flux contains 
large errors as the temperature rise in the bottom coils was very 
low. He also reports the horizontal heat flux to be dependent 
on pool depth, suggesting experiments should be performed for depths 
larger than studied. Despite some questions the data is useful and 
was used to estimate the accuracy of correlations developed in this 
paper. 
All data on horizontal'heat flux met a requirement of 5 % 
agreement between the electrical power input and heat loss, and 
a 15 % agreement between the two electrode heat fluxes. A constant 
level in the pool was maintained by an SCR contol activated by 
-8- 
a needle probe In a sight glass connected to the electrodes. 
The static height of the pool remained constant but the true 
height of the pool varied with the void fraction. No attempt 
was made to measure either the true height or the void fraction. 
The salt used, NaCl, was found to cause clouding of the 
pool and severe foaming for higher power levels. This foaming 
restricts the accuracy of the results at high rates of internal 
heat generation. 
(6) Later modifications reported by Gabor   increased the 
power input to 24 kw, replaced the thick glass layer at the 
-5 
bottom of the pool with a 7.62x10  m thick layer of Teflon, 
and used CuSO, to reduce foaming and increase visibility. 
4 
(7) 
A further report from Gabor   includes a cooled upper 
boundary formed by coils of copper insulated in plastic tubing 
and notes the change in resistance of the salt with temperature 
mentioned later in this paper. 
(8) 
In the latest report, Gabor   used ZnSO, salt and a .064 4 
m to .23 m pool depth with two electrode seperations of .191 m 
and .391 m. One electrode was split into two horizontal seg- 
ments. The top segment being .025 m high and the bottom segment 
.089 m. A 1.5 to 2.0 factor was reported for the ratio of the 
4
  , 2 
upper heat flux to lower heat flux for values of 2.5x10 J/m s 
5   2 5   2 to 2.3x10 J/m s. For fluxes of 3.8x10 J/m s no difference 
was observed in t;he heat flux for the two segments. This was 
-9- 
attributed to "more uniform turbulence generated by bubbles 
along the electrode." 
The Gabor reports delve into the same  areas that are 
studied in this paper, but since the Stein report no data from 
the Argonne program has been published in the literature. The 
pioneering nature of the Stein paper indicates further study 
of this area is needed. 
-10- 
(' 
/ 
/ 
2. Analytical Work 
An analysis of the horizontal heat flux from an inter- 
(5) 
nally heated boiling pool was reported in the Stein   report. 
A summary follows. ' 
For small boiling heat flux with low bubble density and 
void fraction in the pool, Stein models the flow with a laminar 
single phase natural convection correlation from Eckert and 
.<% Drake, with the restriction that the Grashof number be less than 
10? 
1/4 1/4 
Nu  = 0.677(Pr/(.952+Pr))  Ra eqn.(1) 
tc 
For high power levels and large bubble densities a laminar 
forced convection also from Eckert and Drake was suggested. For 
laminar flow Pr must be greater than or equal to one and the 
6 
Reynolds number must be less than 10. 
1/3 1/2 
Nu  = 0.664Pr  Re eqn.(2) 
fc 
It is questionable that laminar correlations be used in such a 
dynamic enviroraent. The velocity used in the Reynolds number, V , 
b 
must be found from a correlation given below. 
To apply both of these equations to the boiling pool case, 
2        2/3 Stein requires the parameters (G x /kAT)/(Pr  Re) and 
2 1/2 
(G x /kAT)/(PrGr  ) be le^s than 0.01 in order to neglect 
heat generation in the boundary layer. Both terms are ratios of 
the conduction and convection heat flux to a vertical plate from 
the boiling fluid. The second term was shown to be accurate by 
-11- 
comparison with Randall and Sesonske ,  who solved the nat- 
ural convection case with internal heat generation for a single 
Ijhase fluid. 
Stein calculated a psuedo-velocity for the natural convec- 
tion case. 
1/2 
Vfcc = (g^ATx) eqn.(3) 
If the ratio V, /V  is less than .2 the flow is pure natural 
b tc 
convection, if the term is greater than 3.0 the flow is full 
forced convection. 
In the range ,2<Cy /V. <C.3.0 a laminar combined natural b tc 
and forced convection single phase correlation from Lloyd and 
(11) Sparrow    was used. All values including V , Nu, Gr, and Pr 
tc 
were known and a value for V was calculated for each data 
^ b 
point. V showed a relationship with the boiling heat flux Q, . b b 
0,72       2 
V (cm/s) = 40Q *  (cal/scm ) eqh.(4) b b 
Q is found by dividing the energy loss per unit time due to the 
b 
vaporization of the pool fluid by the cross-sectional area of the 
top of the boiling pool tank. 
The creation of the velocity V  has no physical meaning 
and the velocity V was not related to the downward flow near 
the walls which it was supposed to be derived from. V in fact 
b 
was calculated from the Nusselt number and not the reverse as 
intended. The relationship of V, and Q. was fairly successful b     b 
but restricts the correlation to pools with the same ratio of 
-12- 
open surface to vertical cooled surface area. The internal heat 
generation rate of vapor per unit volume G is a more desirable 
v 
parameter to base a derivation. 
-13- 
III. 
PHKNOHENLOGICAL MODEL 
This section will attempt to derive an analytical model 
for the case of heat transfer to a cooled isothermal vertical 
plate exposed to a volume heated boiling pool. 
^A. Physical Description 
For a uniformly heated boiling pool with a free upper 
surface cooled by an isothermal vertical flat plate, four 
major flow mechanisms are envisioned. 
1. Vapor bubbles will nucleate uniformly in the 
bulk of the pool, flow upward, and disperse 
into the atmosphere above the pool. 
2. The vapor bubbles rising in the pool will 
drag fluid elements upward by viscous drag 
or 'Vapor lift'.' The major portion of this 
fluid must return downward in the pool. This 
return flow will be strongest near the cool- 
ed wall. 
3. Cooler fluid near the wall will be denser 
than the fluid in the core of the pool and 
must flow downward relative to the core. + 
4. The true density in the core will be signif- 
-14- 
icantly less than the density of pure liq- 
uid at the boiling temperature due to the 
vapor void content. The core fluid will flow 
upward relative to the fluid near the wall, 
which is subcooled and cannot sustain bub- 
ble nucleation. 
These conclusions may be drawn from the description of the 
flow above; 
1. The temperature and void fraction induced density 
gradient will drive a natural convection flow. 
2. The "vapor lift" will cause a forced convection 
flow downward along the cooled plate. 
3. Both flows may be described by standard forced and 
free convection single phase correlations. 
4. A combination of the forced and free convection 
correlations will describe the overall pool behavior'. 
A sketch of the resulting velocity profile near the top of 
the cooled plate is presented in figure # 1. Region A includes the 
natural convection boundary layer. Region B represents the flow 
downward of the forced convection effect with velocity V . And J
     c 
Region C shows the fluid rising at velocity V due to the vapor 
lift. 
-15- 
B.  Natural Convection Contribution 
The correlation for single phase natural convection on an iso- 
(12) 
thermal vertical plate from Eckert and Jackson    is most appro- 
priate to describe the natural convection effect in the boiling 
pool. They recommend for the local Nusselt number at a distance x 
from the top of the plate; 
2/5   7/15 2/3 -2/5 
Nu  = 0.0295(Gr) ' (Pr) '   °(l+0.494(Pr) ' )    eqn.(5) 
"x 
and for an average Nusselt number over a length L; 
2/5   7/15 ?/3 -2/5 
Nu  = 0.0246(Gr) ' (Pr)    (l+0.494(Pr) '   )  '  eqn.(6) 
The terra #AT in the Grashof number is the percentage 
change in the fluid densityfrom the edge of the boundary layer to 
the wall. It can be replaced by the following termsj 
£AT = ft-TV'fr = P*-^1-^ /pw "»»•(7) 
Q  is the fluid density at the cooled wall, p is the net density 
of the pool with the given void fraction, oC is the void fraction, 
Q  is the density of pure liquid at the boiling temperature, and? 1 
O  is the density of pure vapor at the boiling temperature. 
For water with a void fraction less than 0.5 the approx- 
imation given by neglecting the vapor term for the net density 
is very accurate. 
/O^-^D+d-^p  = (l-cOp eqn. (8) 
The key variable in this correlation is the void fraction. 
This value must be known to determine the true bulk density in 
the pool. An attempt is now made to estimate the void fraction 
-16- 
from the heat input per unit volume generating vapor G * and 
common fluid properties. 
For the vigourously boiling case there is a close relation- 
(13) 
ship to a two phase churn-turbulent flow. Zuber    suggested 
a relationship for the drift velocity of a vapor bubble with 
respect to the liquid phase V . This relationship is; 
V = (l-<*) 2V eqn.(9) 
D          °° 
were V is the terminal rise velocity of a bubble in an infinite 
ao 
pool and; 
o  IM 
V^- l.bUOgtp-fXi/ff) eqn.(10) 
X A 
C~ is a constant with the value of zero for churn-turbulent 
flow. 
As mentioned previously there Kis a  net upward flow of 
fluid relative to lab coordinates in the bulk from the viscous 
forces of the rising bubbles. If this velocity is called V , then 
the superficial vapor velocity V (or the average vapor flow rate 
v 
past a horizontal  plane), would be; 
V =o£(V +V,)  =oC((l-eOC2V    +V eqn.(ll) 
v             D    1                               oo       1 
and for churn-turbulent flow; 
V =£<(V + V ) eqn.(12) 
V     oo   l 
It is reasonable to expect the average velocity of the 
rising liquid is proportional to the void fraction in the pool. 
As an approximation let V = ai»£(Where a is the proportionality 
constant. Substituting V = acCinto equation (12) and solving 
1   -17- 
for cC results with; a 
? 1/2 
c<=  V /2a(l+4aV /V )   - V  /2a eqn.(13) 
oo        v oo       oo 
V may be found on a horizontal surface in the pool at 
height y from the bottom. The amount of vapor generated between 
the bottom of the pool and height y is given by multiplying 
the heat source intensity that causes vaporization G by the vol- 
v 
ume enclosed, and dividing by the latent heat of vaporization H  and 
the density of the vapor phase n  . The velocity V  is the 
amount of vapor generated divided by the horizontal cross- 
sectional area the vapor will pass through at a height y. This 
gives the equation; 
V = Gvy/H pv eqn.(U) 
and substituting equation (14) into equation (13) results in the 
local void fraction at a height y; 
1/2 
,-C    = C(l+2/CV     (G y/H    D)) - C eqn.(15) C^y CO      V        fg/ V 
where; 
C = V    /2a 
oo 
Substitution of the term derived from equation (8); 
"y-W-W: ^     /CO Ig   y 
into equation (15) gives the local core density at the height 
(D )  = (l+C-C(l+(2/CV )(G y/H^ p))1/2)(D)   eqn.(16) /oo y oo  v  fg/v     Iji  y 
The mean core density may be determined by integrating the 
above equation from y equals zero to the top of the pool at 
-18- 
■■» P . »*'W 
height L. 
p = 1/lA (p ) dy eqn.(17) 
assuming G is constant throughout the pool and performing the 
integration; 
P ID   = l+C-C2/3(£>((l+2(£> /C)3/2-l) eqn.(18) 
'oo '/? L      L 
where; 
(J)T = G L/H OV 
*"   v  fgv oo 
substituting equation (18) into equation (8) and rearranging 
gives the void fraction? 
C<= -C+C2/3(£)(a+20T/C)3 2-D eqn.(19) 
From equation (12) and the relationship V = a ; 
V /V  =c<+a/V oC2 eqn.(20) 
v oo       oo 
(13) In Figure # 2 a plot from Zuber    of superficial vapor velocity 
V versus void fraction is shown for several regimes of flow. For 
v 
the boiling pool case with V  = .23 m/s the value a/V_= 10 
oo w 
substituted into equation (20) yields a good approximation to 
churn-turbulent flow. 
Equation (19) and the approximation a/V = 10 allow 
the void fraction to be found using only the heat source intensity 
that causes vaporization and fluid properties. 
-19- 
# 
C.  Forced Convection Contribution 
The turbulent single phase forced convection equations 
(14) 
of Kreith    can be employed to describe the flow induced by 
the vapor lift. For a local forced convection Nusselt number 
a distance x from the top of the plate. 
1/3    .8 
.       Nu    0.0288Pr   (Re ) eqn.(21) 
cx x 
And the average forced convection Nusselt number over the length 
L; 
1 /*}      8 
Nu  = 0.036Pr  (Re )' eqn.(22) 
CL L 
The Reynolds number in both equations is based on the 
average velocity of the return flow along the plate V . This 
c 
velocity can be approximated as proportional to the average 
upward velocity of the liquid due to the vapor lift; 
V = bV ■ aboC eqn.(23) 
c    1 
or,  assuming b = 1.0 and using the value  of a found  in the 
previous section; 
V = acC =  lOVcKZ 
C ^ CO 
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P.  Combined Her.fc Transfer 
For low void fractions the natural convection heat trans- 
fer due to thermal density differences will prevail. At larger 
void fractions the forced convection term will dominate. This 
suggests an equation of the type proposed by Churchill and 
UsagiP> 
Y = (l-Zn)1/n eqn.(24) 
where Y = Nu/Nu and Z = Nu /Nu . The quantity Nu is the total 
n c  n 
Nusselt number resulting from all heat transfer mechanisms. 
The equation will apply for both local and average Nusselt 
numbers. The general form of this equation for various n is 
shown in Figure #3. 
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E.  Comparison with Argonne Data 
The .12 m data for average horizontal heat flux from 
(5) 
Stein   was analysed with the above techniques and the values of 
the natural and forced convection effects calculated. The results 
were then put into equation (24) and plotted for various n. 
For the value n = 1.7 the calculated total Nusselt number 
agreed well with the actual Nusselt number as evaluated from 
the experimental data. A graph of this result is found in 
Figure # 4. A sample calculation for one point of data on the 
graph is given in Appendix A. 
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IV. • 
EXPERIMENTAL PROGRAM 
0 
A. Apparatus 
The purpose of this experiment is to confirm the suppo- 
sition of flow mechanisms proposed in the previous section, and 
to provide data to indicate the accuracy of the correlation 
suggested. 
Several conditions are desired in the construction of the 
test apparatus; 
1. The ability to create a steady state boiling pool 
with constant liquid volume, uniform internal heat- 
ing, and uniform vapor bubble growth for various 
values of heat generation rates. 
2. A vertical test plate capable of measuring both 
average and local heat transfer coefficients along 
its length. 
3. Measurement of local vapor void fractions in the 
pool. 
4. Minimal interference with flow mechanisms in the 
pool by the container structure. 
5. The ability to account for and balance the energy 
flowing in and out of the pool. 
6. Minimize the heat flow from the pool except to the 
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test plate and upper free surface. 
The major components of the experiment are described below, 
See Figures # 5 and 6 for reference. 
The tank containing the boiling pool is made of Pyrex glass. 
It has a rectangular shape with an open top. Glass was selected for 
visibility, low heat loss, and low bubble nucleation at the glass- 
fluid interface. 
Two copper electrodes are placed at opposite sides of the glass 
tank. Electrical connections are made to supply power from a var- 
iable source outside the pool. The electrodes are cooled by water 
to discourage nucleation of vapor bubbles on the electrode sur- 
face. 
A test plate of aluminum is placed perpendicular to the elec- 
trodes at one side of the tank. The plate has twelve segments - 
capable of independent measures of the temperature and heat flux 
at the surface exposed to the boiling pool. 
A constant level weir is provided to make up the liquid lost 
by boiling. The static height of the pool will be controlled by 
this weir. The true height is a function of the void fraction. 
The void fraction in the pool is measured by a probe and diff- 
erential pressure gage which finds the static pressure at any 
point in the pool. The static pressure head between two points sep- 
erated by a known distance is directly related to the void fraction. 
This experiment contains several improvements over the 
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Argonne research. 
1. The local heat transfer coefficient Is measured. 
2. The void fraction is measured 
3. Greater pool depth is possible 
4. A higher specific heat generation is possible 
5. Spurious nucleation sites on pool walls are 
controllable 
The pool construction is complete except for the void fraction 
measuring device and improvements to the test plate. The void 
fraction equipment is expected soon. The test plate is being 
covered by Teflon tape and is in the final stages of completion. 
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1.  Pool Design 
See figures # 5 and 6 for reference. 
The tank containing the boiling pool is a Pyrex glass 
chromotography jar with inside dimensions of .17 m by .23 m and 
.32 m high. The tank is not perfectly rectangular which limits 
the accuracy to which objects may be placed inside. The tank 
walls do not nucleate any noticable vapor bubbles and the out- 
side is cooled only by natural convection in air. 
Zinc Sulfate salt in varying quantities is dissolved in 
pure water to provide a conductive solution. Generally 0.9 kg 
of salt will result in the design resistance of 0.5 ohm in a 
static .18 m pool with a volume of about 5.6 liters at 100 C. 
Within the near future a current probe will be used to 
examine the current flow path in the boiling fluid. It is 
important to understand the physical events taking place in 
the pool to insure uniform heat generation. 
A .019 m diameter nipple has been placed .05 m above the 
"bottom of the pool and on the free side between the electrodes 
and opposite the test plate to allow make-up water to enter. 
.J> 
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2*  Power Generation 
See Figures # 5 and 7 for reference. 
The two electrodes are .00635 m thick copper and occupy 
the larger sides of the tank. Both are .219 m wide and extend 
outside the glass tank. Each one is cooled by two seperate 
lengths of .00635 m diameter copper tubing about .6 m long 
soldered to its back. Each circuit has a maximum cooling flow 
of 4 liters per minute and the temperature rise in the cooling 
flow is measured. 
Because the electrodes are not attached to the tank a .00079 
m thick Teflon sheet is used to insulate the cooling coils from 
the fluid between the tank wall and the back of the electrode. 
The electrodes are cooled just enough to prevent bubble nuclea- 
tion on the front surface, but are made as close to adiabatic as 
possible. Later experiments may use them to measure an average 
heat transfer coefficient also. 
Large Teflon bars support the 10 kg electrodes from outside 
the pool and precautions are taken to prevent the electrodes 
coming in contact. When placed in the tank there is a .127 m 
gap between the front surfaces of the electrodes. 
Power is provided to the test tank from two phases of a 
three phase source, resulting„in a maximun input voltage of 
208 volts controlled by a bank of twenty four motor driven power- 
stats. Four ranges of voltage are provided, 0-30, 0-60, 0-100, 
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and 0-208 volts. This allows for greater accuracy in low power 
runs. 
Each range has suitable current and voltage transformers feed- 
ing into a wattage transducer which in turn provides input into 
a single pen chart recorder. The recorder is set to read full scale 
in any range when the maximum voltage is applied with a total pool 
resistance of .5 ohm. For the full voltage of 208 volts and a pool 
7   3 
depth of .18 m the specific heat generation rate is 2.7x10 W/m , 
A fuse block has been placed in the power panel that will 
accept fuses from 5 amperes to 400 amperes depending on the par- 
ticular power level being used. This will add to the safety of 
operation. 
During preliminary testing of the heating rates in the pool 
it was observed the pool resistance changes significantly with 
pool temperature. Some data taken on this phenomenon is record- 
ed in Appendix B. It is possible that resistance changes occur 
near the wall when the fluid is below boiling temperature, which 
would cause a non-uniform heat generation. The study of the 
current path in the pool should shed light on this problem. 
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3.  Test Plate 
See Figures # 8, 9, 10, and 11 for reference. 
The electrodes could be used to determine an average heat 
transfer coefficient over the entire surface of the plate, but 
to measure the local heat flux variation a seperate test piece 
was contructed. This piece Is a block of aluminum alloy 6061-T651 
with dimensions as follows- .0254 m thick,, .127 m wide; and .3302 
m high. The plate was subdivided Into thirteen .0254 m increments 
along its length. The lower twelve are used for heat transfer 
measurement. On the back side of the plate, in the center of the 
lower twelve segments, a groove was machined .0127 m deep and wide 
and .1143 m long. This groove is used to flow coolant water through 
the test plate. 
The side opposite these grooves forms the vertical flat plate 
used for the heat transfer surface. A cut .001588 m wide and 
.01965 m deep was made between each segment on this side to reduce 
axial thermal communication. Each groove extends the entire 
width of the test plate and is filled with a mixture of epoxy glue 
and methanol to provide a insulating and waterproof layer. The meth- 
anol allowed the epoxy to become fluid enough to inject into the 
slot with a large hypodermic needle and would later evaporate off 
leaving the epoxy. 
The major problem in the experiment was to provide a 
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small resistance to heat flow through the experimental surface of 
the test plate while retaining a total electrical isolation from 
the pool. This problem was first solved by coating the exposed 
surface of the test plate with a sprayed layer of Teflon of nom- 
inal thickness 7.1x10  m. It was felt a sprayed layer would provide 
a more uniform layer thickness and greater contact. However, the 
Teflon cracked and pealed after roughly six hours of experimental 
conditions for unknown reasons. 
A second design incorporates Teflon in the form of a tape 
7.6x10" m thick with a silicone adhesive approximately 3.8x10  m 
thick on one side. A large piece ,33 m by .18 m covers the entire 
exposed surface of the test plate. Epoxy glue is used to seal all 
edges of the tape to prevent water leakage between the tape and 
plate. This method does not insure good contact between the Teflon 
and aluminum so the eqivalent thermal resistance of the interface 
4 
is found experimentally as described below. 
In order to measure the temperature at the surface of each 
segment, necessary to calculate the heat transfer coefficient h, 
holes for surface temperature thermocouples were drilled in the 
exact center of each segment from the coolant side to a distance 
-4 3.81x10  m from the outer surface of the sprayed Teflon and 
-4 4.95x10  m from the surface of the Teflon tape. Chrome1-Alumel 
-3 
ungrounded  thermocouples  1.588x10      m in diameter are  places   in 
these holes. Calibration of the thermal resistance of the Teflon 
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layer and interface plus the thin aluminum layer seperating the 
thermocouple from the Teflon was done by placing the segment in 
question over a large block of copper heated from below and pro- 
viding an essentially constant heat flux source for the calibration. 
The knowledge of the thermal resistance allows an extrapolation of 
the temperature measured by the thermocouple to the actual 
surface temperature. For convenience throughout the report, the 
thermocouple is refered to as the surface temperature thermo- 
couple. 
To seal the back of the test plate and prevent cross-flow in 
the coolant channels a Lexan backplate .00635 m thick was attached 
to the back with closely spaced metal screws. Lexan is well able to 
withstand the temperatures used in the experiment and it may be 
chemically or mechanically bonded together. It forms a good thermal 
insulation which allows less than .2% error in the heat flux measur- 
ements from heat flow through it. 
Holes were drilled in the backplate to fit coolant inlet nip- 
ples, coolant outlet glass elbows, and surface temperature thermo- 
couples sheaths, and all pieces were glued in place with epoxy 
glue. 
A .00102 m diameter bare-wire Chrome1-Alumel thermocouple 
was placed in the middle of the glass outlet elbow for each of the 
twelve seperate coolant flows. Because the coolant flow was often 
in the laminar region a screen was used to physically mix the flow 
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and provide an accurate temperature measurement. A single thermo- 
couple measured the inlet coolant temperature. Normal tap water is 
used for the coolant water and enters the test plate at room temp- 
erature of 21°C. 
The flow in each of the twelve coolant channels is controlled 
by a fine metering valve. The particular flow rate of any circurit 
can be measured through a common flowmeter with full scale reading 
of .318 liters per minute, A set of tee connections and valves allow 
any one circuit to be examined while the others by-pass the meter. 
Checks of the flow rate through the meter and by-passing the meter 
for a common fine metering-valve setting are made to show there is 
no significant change in flow rate due to different pressure losses. 
As the coolant is passed through the test plate a 3 to 12 C rise 
in temperature was planned for various power levels and coolant rates, 
Coolant inflows are brought from the metering valves to brass nip- 
ples in the Lexan backplate. Room temperature tap water' is used 
as the coolant. 
To protect the thermocouples in the test plate a box of>Lexan 
was constucted to fit on the backplate and cover the outlet flow 
elbows and thermocouples extending out of the backplate. The box 
is .0254 m deep and ,0756 m wide and extends the entire length of 
the test plate. A small water pump attached to a variable si peed 
motor draws the coolant outflow out of the box after the temperature 
measurements are made. All thermocouple leads extend out of the 
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box near the top of the test plate and are attached to extension 
leads from the recording instrements. 
Joints are sealed by RTV silicone rubber and the entire 
assembly was supported in the pool by a .00635 m diameter copper 
rod threaded into the top of the test plate. This rod also served 
as the electrical ground necessary to obtain accurate thermocouple 
readings.      „ 
Two differential recorders reading + 1.5 mv with 5.0 mv bias 
units are used to record the 12 surface temperature thermocouples 
and the thirteen coolant channel thermocouples. Both recorders use 
physical ice baths for reference. The thermocouples were tested in 
pure boiling water and an ice bath and proved to be accurate to 
within + .2°C. 
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4.  Make-up Circuit       ' 
See Figures # 6 and 11 for reference. 
As the top of the boiling pool is open to the atmosphere a 
large quantity of the pool liquid will continuously be evaporated 
off. A mechanism to provide a constant pool level was necessary. 
This was accomplished with a constant level weir connected to the 
boiling pool by a common .0191 m diameter garden hose fastened to 
the nipple on the test tank. A diffuser was placed on the inlet to 
prevent an interference with convection patterns in the pool. 
By measuring the flow rate of the fresh water supplied to the 
weir, and the amount of water spilled over the weir into another 
vessel over a given amount of time, a value for the flow into the 
boiling pool itself can be found. A maximum boil-off rate of .308 
liters per minute is expected. 
The heat source intensity that causes vaporization is found 
by dividing the vaporization rate by the volume of the pool. 
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5. Void Fraction 
See Figure # 6 for reference. 
The correlation developed in this paper requires the know- 
ledge of the void fraction in the pool. To obtain this information, 
a differential wet-wet strain gage type pressure transducer with full 
2 
scale output of + 3,447 N/m (.5 psi) will be used. 
The signal side of the transducer will measure the static head 
at the position in the pool desired. By varying the elevation of the 
probe in the boiling pool a known vertical distanceAy» the differ- 
ence in the static head between the seperated pointsAP will be 
found. The vapor void fraction is then approximately; 
<< = Ay-£P/Ay eqn.(25) 
whereAP is measured in units of height of water. • 
The transducer itself must be located outside the pool, but a 
small diameter pipe filled with fresh water will provide the pressure 
signal from the pool to the transducer. The reference pressure will 
be atmospheric. 
The probe in the pool will have a deflector at the sensing tip 
to prevent large pressure fluctuations from bubbles impacting on the 
probe. 
To further reduce the fluctuation of the signal an averaging 
digital voltmeter will be attached to the output of the pressure 
transducer. Finally, the output of the averaging voltmeter will be 
recorded on a dual pen recorder to average long term fluctuations. 
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D#
  Process Thermocouples 
This section includes nil the temperature measurements not 
taken In the test plate. They include the electrode coolant inlet 
and outlet temperature, several temperatures in the boiling pool 
itself and several in the electrodes to measure the surface temp- 
erature. All thermocouples are .00158 m diameter ungrounded 
Chrome1-Alumel units. 
The signals are placed in a 24 point direct reading recorder 
which requires no ice bath. The accuracy of the temperature 
measurement is + ,5 C 
The thermocouples in the pool will indicate a rough temp- 
erature distribution in the pool and predict the uniformity 
of heat generation. Plots of the change in resistance of the 
saline aqueous solution for a range of temperatures is included 
in Appendix B. 
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7.  Heat Balance 
As mentioned previously a total heat fieri/ balance will be 
taken for each data point to determine the accuracy of the exper- 
imental results. The total electric power should equal the thermal 
output of the system. 
The major heat outflows in the' experiment are the test plate 
cooling water, the evaporation caused by boiling, and the electrode 
coolant water. Heat loss from natural air convection on the sides 
of the glass tank and electrodes, and the conduction heat lost down- 
ward to the wooden base of the experiment should be about 200 watts. 
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B.  Experimental Variables 
For this experiment there are two classes of variables, 
the controlled variable and the dependent variable. A given value 
can be assigned to the controlled variable before each experimen- 
tal run, but the dependent variable is a product of the physical 
processes of the boiling pool. The-major controlled variables are • 
listed below; 
1. Power input to test section 
2. Coolant flow rate in test plate 
3. Coolant flow rate in electrodes 
4. Pool depth 
The dependent variables are as follows; 
1. Test plate surface temperature 
2. Electrode surface temperature 
3. Heat flux through test plate 
4. Heat flux through electrode 
5. Make-up water flow rate 
6. Void fraction 
The variables above have a complex interrelation with one 
another. However, the test plate coolant flow directly influences 
the test plate surface temperature and the heat flux through the 
wall. The electrode coolant directly contols the electrode surface 
temperature. The void fraction and make-up flow depend on the power 
input, pool depth, and coolant rates. 
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C.  Procedure 
1. Experimental 
To initiate an experimental run the general procedure below 
is followed. 
The prime variable to be set is the power input. Generally, 
a series of runs will be made over a large range of power levels. 
Static pool depth controlled by the weir must be set without over- 
flowing the tank for the void fraction of the boiling pool, but 
should immerse all twelve segments of the test plate. The void 
fraction can range from 0 to .4 depending on the experimental 
conditions. Adequate flow must be provided to the weir to maintain 
a constant level. 
All instrumentation is turned on long before the run is 
taken to allow thermal stabilization of electrical components. The 
pressure transducer is calibrated by observing the pressure diff- 
erence for a known height in static water and the probe is then 
placed in the desired location in the pool. Ice is procured for the 
thermocouple reference temperature. Proper fuses must be installed 
for the given power level. The fuse rating should be as close to 
the power input as possible. 
When power is turned on in the pool the fluid will slowly 
rise in temperature. A rise from room temperature to boiling in 
less than ten minutes is not recommended to protect the glass tank 
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from cracking under thermal stresses. During the heating of the 
pool to boiling conditions the thermocouple instruments begin 
recording data. 
After boiling commences the electrode coolant flow is set just 
high enough to prevent bubble nucleation at the electrode surface. 
The coolant flow rates to the individual segments of the test plate 
are set roughly to achieve a constant surface temperature common 
to all segments. A variable speed pump is switched on to drain the 
used test plate cooling water from the Lexan box. All coolant water 
is exhausted to the drain after use. 
The steady state case can be recognized by constant read- 
ings for all the thermocouples in the test plate. This normally 
takes one to two hours after starting from room temperature. At 
this point the surface temperatures of the segments of the test 
plate are examined. If the plate is not isothermal the coolant flow 
rate in each channel is adjusted to correct. 
Once the steady state isothermal conditions have been reach- 
ed the pool is allowed to boil constantly for a minimum of ten 
minutes. This gives a full ten cycles of temperature measurement 
for the test plate surface temperature and twenty cycles for the 
test plate coolant rise. During this-interval the pressure probe 
may be moved to selected spots in the pool and remain until a 
steady reading for the static pressure if recorded. 
The make-up flow rate is measured and the electrode surface 
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temperature and coolant temperature rise are found from the*process 
thermocouple recorder to allow an energy balance to be performed. 
With all necessary data taken at the given power input and 
test plate surface temperature, either one of these two factors may 
be modified to create different conditions. The same procedure may 
be followed as above. 
The test plate readings are average'd over the steady state 
region to result in one surface temperature and one heat flux reading 
for each segment. Pressure readings on the transducer are translated 
into void fraction data and an energy balance is taken to evaluate 
the accuracy of the data. 
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2.  Data Analysis 
The data resulting fron the experiment will be used in the 
following manner. 
a. Average Heat Transfer Coefficient to a Cooled Vertical 
Plate 
(i)  For a pool depth just covering all 12 segments, 
the heat flow through the segments will be summed 
to find the total heat flux and a surface temp- 
erature will be extrapolated from the values read 
by the surface temperature thermocouples. The ex- 
perimental Nusselt number Nu  is; 
eL 
Nu  = QL/AkAr 
eL 
The average void fraction in the pool will be put 
into equation (8) and into the Grashof term in 
equation (6) to give the average natural convec- 
tion contribution to the flow Nun . From the re- 
L 
lationship V = ac*C, the void fraction will give 
c 
the Reynolds number for the forced convection 
contribution Nu  from equation (22). Nun and 
CL L 
Nu „ can be substituted into equation (24) to 
CL 
estimate the combined Nusselt number. The est- 
imated and experimental Nusselt numbers should 
be equal for all data points for one value of n. 
(ii) For pool depths not covering the entire test 
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plnte only the submerged sections will be in- 
cluded in the analysis above, 
b. Local Heat Transfer Coefficient for a Cooled Vertical 
Plate 
(i) An experimental local Nusselt number can be cal- 
culated from the surface temperature and heat flux 
for every segment from the data recorded. 
Nue ■ Qx/kAT 
x 
The average void fraction in the pool will be 
put into equation (8) and into the Grashof term 
in equation (5) to give the local natural convec- 
tion contribution to the flow Nu  . From the 
n 
x 
relationship V = flc»C» fche void fraction will 
c 
give the Reynolds number for the forced convec- 
tion contribution Nu from equation (21). Equation 
(24) can again be employed to calculate a com- 
bined Nusselt number. Comparison of this value 
with the experimental Nusselt number should 
yield a common value of n for all points. Not 
necessarily equal to the n from the average 
Nusselt number case above. 
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V. .     . 
PRELIMINARY RESf'.TS 
Four preliminary runs were made with the sprayed Teflon coat- 
ed test plate. All runs" were made at a static pool depth of about 
.2 m and all but the first were at steady state conditions. Results 
for the three steady state runs are given below. 
Only the lower six channels of the test plate were supplied 
with coolant, but all twelve sets of thermocouples were function- 
ing. No measurements of the electrode coolant flow rate or temp- 
erature rise was taken. No make-up flow rate data was recorded and 
no void fraction was measured. 
All runs had sufficient electrode cooling to allow uniform 
bubble generation in the bulk and at all power levels the boil- 
ing was mild with the bubbles rising vertically and a void fraction 
estimated less than 0.1. Note the pool level was at all times at 
least .05 m over the highest segment with cooling. 
The last ten values of each measurement were read and aver- 
aged to result in one combined value. Table # 1 shows the measured 
surface thermocouple temperature and the heat flux to each segment 
found by multiplying the coolant flow rate and coolant temperature 
rise. The subscripts 1 through 6 denote the segments. Segment 1 
is the top one of the cooled set. Segment 6 is the lowest of the 
set and also the lowest segment in the test plate resting on the 
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bottom of the pool. 
The surface temperature thermocouple does not read the 
actual surface temperature, but the temperature beneath the Teflon 
coating and the aluminum seperation from the bottom of the tharmo- 
couple hole to the aluminum surface. A calibration of the thermal 
resistance of this Teflon-aluminum layer was not taken for the 
sprayed Teflon test plate but the thickness of the coating was 
measured directly. Solving the simple one dimensional heat 
conduction problem; 
Q = T -T._/()\/k     A) + <f)?k       A) eqn.(26) 
w t    TEFLON        ALUMINUM 
were Q is the heat flow through the segment, T is the wall temp- 
w 
erature, T is the temperature recorded by the thermocouple, and 
are the thickness of the Teflon layer and aluminum layer respect- 
ively, k is the particular thermal conductivity of the material, and 
A is the area of each segment. 
X= 7.1xl0~ m 
y= 3.1xl0"4 m 
This results in the equation; 
T -T (°C) = 2.7592x10" Q/A(J/m2s) eqn.(27) 
w t 
The heat transfer coefficient may be calculated as follows; 
h = (Q/A)(T -T ) eqn.(28) 
CO w 
for T = 100°C 
CO 
A table of the calculated wall temperature and average heat transfer 
coefficient are recorded in Table # 2. 
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The local Nusselt number for each point was calculated. 
The length parameter was taken as the distance from the static 
height of the pool to the center of each segment. The thermal 
conductivity was evaluated at the boiling pool temperature. A graph 
of the results is shown in Figure # 12. 
Equations (5) and (6) show the natural convection Nusselt 
1.2 
number depends on x   and the heat transfer coefficient h on 
0.2 
x  , which implies both the Nusselt number and h for natural 
convection will increase with depth. Equations (21) and (22) show 
0.8 
the forced convection Nusselt number to increase with depth as x 
-0.2 
and the heat transfer coefficient to decrease with depth as x. 
Figure # 12 shows the Nusselt number tends to decrease with 
depth,which contradicts the above, for the top three segments. The 
bottom three tend to increase in Nusselt number with depth as 
expected. Because several upper segments of the test plate exposed 
to the pool were not cooled, they conducted heat axially downward 
to the upper cooled segments. This explains the large difference in 
the Nusselt numbers of segment 1 and 2, and the decrease in the 
Nusselt number with depth. 
The fact that the cooled segments were not at uniform temper- 
ature caused an error to be induced into the measurements by axial 
conduction also. However, th» lower three points of Figure # 12 
indicate a significant change in the Nusselt number with depth 
from natural causes. 
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A local Nusselt number was calculated for each data point 
from the local turbulent natural convection equation (5), based 
on the same depth, surface temperature, and thermal conductivity 
as the Nusselt number from Figure # 12. The ratio*of the Nusselt 
number from Figure # 12 to the natural convection local Nusselt 
number is shown in Figure # 13. 
Again the axial heat conduction into segment 1 inflates the 
ratio. The axial conduction could explain the decrease for seg- 
ments 2 to 3 but it is possible that the forced convection effect 
is dying at this point leaving the bottom three segments to 
be cooled by natural convection alone. If the lower three segments 
are assumed to be cooled by the natural convection alone it appears 
that the vapor void induced natural convection is of the same 
magnitude as the thermally induced natural convection because 
the experimental Nusselt number is on the average about twice the 
Nusselt number calculated for the thermally driven Nusselt 
number. 
No comparison of the data with the average natural convection 
number is made because the plate was not at isothermal conditions. 
The local and average forced convection Nusselt numbers could not 
be found because the void fraction was not measured* 
It must be stated that the data included in this section 
Is only of limited accuracy due to the preliminary nature of the 
results. It does show the magnitudes and general trends expected. 
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VI. 
SUMMARY 
The major aspects in this study of the heat transfer to a 
vertical flat plate in a boiling pool are reviewed below. 
A. Analysis 
1. The circulation patterns in a uniformly heated boil- 
ing pool were proposed to be a flow from vapor lift 
in the core of the pool and a density gradient cir- 
culation from the core to the cooled wall due to the 
temperature gradient near the wall and vapor voids 
in the core. 
2. The circulation effects are described by combining 
turbulent natural and forced convection correlations 
for both local and average Nusselt numbers. 
3. Grashof and Reynolds numbers for the correlations 
above depend directly on the vapor void fraction 
in the pool. 
4. An equation giving the void fraction from the heat 
source intensity that causes vaporization G , and 
physical properties was developed. 
5. Data from Stein   was used to examine the accuracy 
of the analysis for average Nusselt number. The 
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analysis was shown to describe the data well. 
B. Experimental Program 
1. An apparatus was designed to measure the power gener- 
ation rate, local and average heat transfer coeffi- 
cients to a cooled isothermal vertical plate, quantity 
of vapor lost to the atmosphere, and the local void 
fraction in a uniformly heated boiling pool. 
2. The experimental apparatus was complete with the 
exception of the void fraction instrumentation and 
some improvements to the test plate. The void fraction 
equipment is expected shortly and the test plate using 
a Teflon tape insulation is being constructed. 
3. Preliminary results are compatable with the analytical 
methods presented above. 
4. When the apparatus is complete the data obtained 
will be extensively compared with the analytical 
model given above. 
C. Future Goals 
1.  Possible modifications of the present apparatus 
include measurement of the local current densities 
in the pool, use of the electrodes to take heat trans- 
fer data, and non-aqueous or ice water to cool the 
test plate. 
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2.  After the vertical flat plnte some recommended areas 
of study include the local and average heat transfer 
coefficients for inclined plates and hemispherical 
surfaces both open to the atmosphere or with zero 
shear upper boundaries. 
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Table # 1 
Preliminary Data 
Summary of Experimental Values 
Point 
2 
3 
4 
Power 
Level 
(kw) 
4.2 
6.88 
9.92 
Input 
Voltage 
(V) 
75 
99 
125 
Pool 
Depth 
(m) 
.19 
.23 
.237 
Heat Flux Through Segment 
Point  Q/A   QM   Q/A   Q/A   Q/A   Q/A 
■^        £- j H-        -^        C 
(J/m2s) 
xlO -5 
2 .78 .62 .62 .53 .52 .49 
3 .83 .70 .67 .59 .59 .54 
4 .75 .57 .52 .44 .43 .44 
Surface Temperature Thermocouple Reading 
Point Ti T2 T3           T4 
(°c) 
T5 T 6 
2 
3 
4 
69.7 
73.5 
69.7 
61.1 
65.7 
60.6 
58.3       55.5 
63.1       59.9 
57.6       54.6 
55.5 
60.8 
54.2 
56.5 
63.3 
54.0 
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Table # 2 
Preliminary Data 
Calculated Values for Surface Temperature 
and Heat Transfer Coefficient 
Surface Temperature 
Point  T    T    Tw   T T T 
1    2    3    4 W5 w6 
(°C) 
2 91.2 78.3 75.5 70.2 69.9 70.1 
3 96.5 85.0 81.6 76.2 77.2 78.3 
4 90.3  76.3  71.9 66.6 66.1 66.0 
Heat Transfer Coefficient 
Point  h    h    h    h    h    h 
12    3    4    5    6 
(J/m2sC) 
xl0~J 
2 8.83 2.89 2.55 1.80 1.76 1.63 
3 23.82 4.65 3.64 2.47 2.60 2.51 
4 7,70 2.39 1.84 1.30 1.26 1.00 
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Figure #2 
Superficial Vapor Velocity vs. Void Fraction 
(13) 
Comparison of Experimental Data from Zuber 
„,, n        and Approximation with a/V = 10.0 30.0i— oo 
«/V^= 10.0 
OO      i 
Figure # 3 
General Plot of the Equation 
y = ( l + zn )1/n 
For Various Values of n 
10.0 
Y 1.0 
10.0 
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Figure # 4 
Comparison of Calculated and Experimental Values of 
(5) 
Average Horizontal Nusselt Number for Stein   Data 
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Figure # 5 
Sketch of Experimental Apparatus 
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Flow Chart of Experimental 
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Figure # 8 
Isometric View of Test Plate 
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Key 
a. Aluminum Test Plate 
b. Thermal Isolation Slots 
c. Lexan Back Plate 
d. Wall of Box (Lexan) 
e. Lid of Box (Lexan) 
f. Teflon Layer 
1. Coolant Channel Machined 
in Aluminum Test Plate 
2. Surface Temperature Therm- 
ocouple in Well 
3. Coolant Outlet Glass Elbow 
4. Coolant Thermocouple in Elbow 
5. Inlet Nipple (Outside Lexan 
Box) 
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Figure # 10 
Top ond Side View of Segment of Test Plate with 
 Temperature Data Flow Chart 
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Figure #  12! 
Local Nusselt Number from Preliminary Data 
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APPENDIX A 
(5) 
This section will illustrate the use made of the Stein   .12 
m pool depth horizontal heat transfer data. Examples of the cal- 
culations performed on all points will be worked in detail for 
one point. The point is number 520 from the Stein report. 
The power input = 6490 W 
Horizontal heat flux = 1.14xl05(J/m2s) 
Boiling heat flux = 4.13x10 (j/m s) 
4   9 Downward heat flux = 1.04x10 (J/m s) 
Electrode temperature T = 28,1 C 
w 
Bottom surface temperature T = 33,0 C 
The static depth of the pool was .12 m, the electrodes are 
2 
.02323 m    in area and .2032 m apart. The bottom and top surfaces 
2 
are .03097 m in area. 
(1) An effective decrease in the pool depth due to*a stable non- 
boiling layer of fluid was assumed to exist because the bottom was 
cooled. The layer extends a distance z from the bottom of the pool. 
The stable layer is envisioned as transfering heat to the 
bottom of the pool in an "enhanced" conduction process. The upper 
boundary of the layer is assumed to have a zero heat flux condition. 
The energy equation with a modified "enhanced" thermal conductivity 
-68- 
is written as shown; 
k (d T/dy2) + G = 0 
s 
where k is the enhanced conductivity, and G is the total heat 
s 
generated per unit volume in the pool. 
Solving with a lower boundary temperature T and the upper B 
boundary temperature equal to the boiling pool temperature T 
oo 
results in the equation; 
A/2 
z = (2k (T -TR)/G) s
  oo B 
Stein, for .12 m pool depth, plotted the true downward 
heat flux versus that which would result is k was the true 
s 
film temperature thermal conductivity of the fluid. A good mean 
of the ratio of heat fluxes is about 3.0. Because the conduct- 
ivities vary as the square root of the heat fluxes a mean value 
of k = k_ results, so; 
s   r 
z = (18k.(T -TR)/G)1/2 f  OO  B 
with k = .65 J/msK, and G = 6,490W/(.12m)(.03097m2) = 1.746x10 W/m3 
z = .02125m 
(2) The experimental Nusselt number was then calculated. 
Nu • QL'/k A T 
e      w 
where Q/A is the horizontal heat flux, L* is the depth of the pool 
corrected for bottom stagnant layer described in (1) = .12m-.02125m 
= .09875m, k is the conductivity at the wall temperature T = .615 
w w 
J/msK, and T is T - T . so; 
Oo  w 
Nu = 254 
e 
(3)^ = GvLVV OH 
v
 
£g
      -69- 
G = 4.13xl04j/m2s/.09875m = 4.18xl05j/m3s 
H  = 1.77xl06j/kg 
Voo - .l^KOi^./O/^))1'* 
G" = .0589 N/m 
O = 958 kg/m3 
1 3 p = .596 kg/m 
g  = 9.8 m/s 
V  = .2186 m/s 
oo 
<t>* = .1152 
(4) From equation (19); 
c<   = C2/3CDj((l+20^/C)3/2-D - C = (1-C/^/p) 
assume C = 0.05 for a = 10V  and C = V /2a which results with? 
oo        oo 
jD^  920.95 kg/m3 
(5) Properties of the fluid at the film temperature(Tw+T)/2 = 64.1 C 
Pr    » 3.8 
f 
V    = 4.55xl0"7m2/s 
(6) Gr = gL'V- fgftfl 2 
O = 980.7 kg/m3 
/w 
Gr ■ 2.78xl09 
(7) From equation (6); 
Nu  = 0.0246Pr?/15Gr  (l+.494Pr2/5)"'4 
Ju 
ri 200 
(8) Reynolds number Re = V L»/V 
c 
from equation (23) V = bV. where b is the proportionality constant 
c    1 
assumed to be one 
-70- 
so V = a and with a = 10V and  from (4); 
c oo 
Re = 18,422 
(9) Y = Nu /Nu = 1.27 
e
  \ 
(10) Nuc = 0.036Pr1/3Re0,8 from equation (22) 
■ 145 
(11) Z = Nu  /Nu  = .725 
CL  "L 
(12) From a plot of Y versus Z for the data it appears a value 
n 1/n 
of n = 1.7 is the most accurate in the equation Y = (1+Z )   . 
n 1 /n 
Given Z from (11) and using n = 1.7 in Y = (1+Z )   a 
calculated value of Y = 1.31 is found. Using Nu  from (7) gives 
nL 
a value for the calculated Nu of 262, this is within 2% error of 
the experimental value. 
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APPENDIX B 
Three different salts were placed in various quantities in 
the pool to determine the change in resistance of the fluid 
with temperature. The salts are sodium chloride, copper sulfate, 
and zinc chloride. 
The change in resistance with temperature is caused by the 
variation of fluid viscosity'with temperature. As the temperature 
rises the viscosity decreases and the salt ions in the pool move 
more freely to the electrodes resulting in a higher current for 
a given voltage. This phenomenon could be important to consider 
in single phase internally heated pool experiments when thei*e is 
a large temperature gradient in the pool. 
Following are several figures of the results obtained in 
testing the resistance change. 
The pool volume is about 6.7 liters. 
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Figure # 14 
Resistance Change of Heated Pool with 
Temperature for NaCl Salt 
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Figure # 1_5 
Resistance Change of Heated Pool with 
Temperature for CuSO, Salt 4 
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I 
Figure # 16 
Resistance Change of Heated Pool with 
Temperature for ZnSO, Salt 
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